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A new approach to protein and peptide analysis that involves the coupling of on-line 
capillary electrophoresispelectrospray ionization Fourier transform ion cyclotron resonance 
mass spectrometry with a variation of sustained off-resonance irradiation is described. With 
this technique, multiple irradiation frequencies are broadcast simultaneously, which yields 
fragmentation of species at different mass-to-charge ratio values from the same waveform. In 
conjunction with capillary electrophoresis, this technique can provide sequence information 
from small amounts of proteins or peptides i,n complex mixtures. Initial results obtained 
from a mixture of gramicidin S (1141 u), bee venom melittin (2845 u), and equine apomye 
globin (16,951 u) are presented. (r Am Sot Mass Spectrom 1994, 5, 894-899) 
T he electrospray ionization (ES11 Fourier trans- form ion cyclotron resonance (FTICR) mass spec- trometry combination pioneered by McLafferty 
and co-workers [l, 21 has demonstrated numerous 
advantages over conventional quadrupole mass spec- 
trometric detection, including the ability to simultane- 
ously realize ultra-high sensitivity [3], unparalleled 
resolving power and mass measurement accuracy 
[4-71, the capability for higher order tandem mass 
spectrometry methods (i.e., MS”, where n 2 2) [l, 
B-10], and the ability to nondestructively remeasure 
ion populations [ll]. Recent advances in dissociation 
techniques such as surface-induced dissociation @ID) 
[12, 131 and sustained off-resonance irradiation (SORl) 
[14] are particularly appealing when used in conjunc- 
tion with the nondestructive detection scheme inherent 
to FTICR We have recently developed FTICR instru- 
mentation that affords ultra-high resolution and allows 
rapid manipulation of pressures in the FTICR cell 
between those that are optimum for ion trapping and 
cooling ( > 10 m-5 torr) and those required for high reso- 
lution mass measurements ( < 10 -a torr) [4]. The abil- 
ity to rapidly cycle between high pressure accumula- 
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tionpcooling events and low pressure detection events 
is an essential prerequisite for the implementation of 
high resolution mass analysis in tandem with a high 
resolution on-line separation. 
In this communication we present initial results 
obtained from the coupling of on-line capillary elec- 
trophoresis-electrospray ionization Fourier transform 
ion cyclotron resonance (CE-ESI/FTICR) with SORI 
collision-activated dissociation [14] in which the SORI 
waveforms are composed of multiple frequencies. With 
this method multiple irradiation frequencies are broad- 
cast simultaneously, which results in the dissociation 
of species at different mass-to-charge ratio values with 
the same waveform. In conjunction with capillary elec- 
trophoresis (CE), this scheme can provide complete or 
partial sequence information from very small amounts 
of proteins or peptides in complex mixtures. 
Experimental 
The instrumentation used in these studies has been 
described in considerable detail elsewhere [4]; thus, 
only a brief description is given here. The FTICR mass 
spectrometer utilized in this work is based on a 7-T 
superconducting magnet and is equipped with an ex- 
ternal electrospray ionization source. Ions are trans- 
ferred to the trapped ion cell by two sets of rf-only 
qu*drupoles. Background pressure in the trapped ion 
cell is maintained at 10-9-10-10 torr by a custom 
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cryopumping assembly that consists of two sets of 
cryobaffels with radiation shields that are maintained 
at 77 and 14 K, respectively, by closed cycle cryogenic 
compressors. The large surface area of the cryobaffels 
provides pumping speeds in excess of lo5 L/s, which 
permits rapid transitions between the high pressure 
(Km4 torr)i on accumulation event and the low pres- 
sure (< 1O-9 torr) detection event. A typical CE- 
ESI/ETICR pulse sequence consists of five events: ion 
injection-accumulation, ion cooling-pump down, rf 
excitation, detection, and data transfer. The minimum 
time between ion accumulation and detection (i.e., 
pump-down time) for the described instrumentation is 
approximately 1 s. However, present hardware and 
software limitations restrict data acquisition to approx- 
imately one spectrum every 5 s. With the exception of 
the multiple frequency SORI waveforms, electronics 
and all aspects of pulse sequence timing were con- 
trolled by the IonSpec (Irvine, CA) Omega data station. 
Multiple frequency SORI waveforms were generated 
by custom software written at Pacific Northwest Labo- 
ratory (PNL) and created on a LeCroy (Chestnut Ridge, 
NY) arbitrary function generator. 
The CE instrumentation used in these experiments 
is housed in a Plexiglas@ box to isolate the high 
voltage components. In these studies, 50-pm-id. by 
l-m-long fused-silica capillaries were utilized (Polymi- 
cro Technologies, Phoenix, AZ) in which the inner 
walls of the capillaries were chemically modified with 
3-aminopropylsilane [3, 15,161. Approximately 1 cm of 
the polyimide coating was removed from the capillary 
terminus, and the exposed fused silica was etched 
with a 40% hydrofluoric acid solution (Aldrich, Mil- 
waukee, WI) to taper the outlet of the analytical capil- 
lary. To the tapered CE outlet, a gold conductive 
coating (Epoxy Technology, Billerica, MA) was applied 
to allow electrospray directly from the CE terminus 
[17, 181. The epoxy establishes electrical contact with 
the CE capillary terminus and assists in the electro- 
spray process. This conductive gold coating also serves 
to establish electrical contact with the buffer solution 
at the CE capillary terminus. Advantages of this type 
of CE mass spectrometry electrospray tip include ease 
of use, spray stability, and reduced background con- 
tamination compared to a sheath-type ES1 interface 
1171. The electrospray is produced by using a 3.8-kV 
gradient between the CE capillary terminus and the 
heated metal capillary inlet of the electrospray source. 
Coaxial to the fused-silica capillary, a sheath gas of 
sulfur hexafluoride (SF,) is utilized to suppress corona 
discharge. 
The buffer system used in all experiments is a 
lo-mM acetic acid solution (pH 3.4). As a result of the 
aminopropylsilane surface modification and the acidic 
buffer system, the inner walls of the capillaries have a 
net positive charge that results in an electro-osmotic 
flow in the opposite direction compared to uncoated 
fused-silica capillaries. The electric field strength used 
for these studies was approximately -290 V cm-‘. 
Analytes in this initial study were gramicidin S 
(1141 u), bee venom melittin (2845 ul, and equine 
apomyoglobin (16,951 u) (Sigma, St. Louis, MO) in 
doubly distilled deionized water. A mixture of these 
components was electrokinetically injected at = - 38 
V cm-’ for = 3 s. 
Results and Discussion 
Collision-Activated Dissociation 
Collision-activated dissociation (CAD) has been the 
most widely used technique for probing the structure 
of ions in the gas phase [19]. Ease of application to 
various instrument schemes, including FTICR, along 
with its experimental simplicity, account for the wide 
popularity of CAD. To date, CAD with FTICR has 
shown limited success in fragmenting high molecular 
weight ions partially because of the relatively low 
center-of-mass collision energy and because of disper- 
sal of ions through the cell volume at high collision 
numbers (making subsequent detection problematic). 
Furthermore, the enormous number of vibrational 
modes (3N-6) requires that larger ions obtain internal 
energies that greatly exceed the dissociation threshold 
for fragmentation [20-221. 
A number of novel alternatives for rendering the 
CAD of molecular ions in FTICR have been reported. 
Boering et al. [23] introduced an ion kinetic energy 
control scheme that continuously accelerates and de- 
celerates ions on a millisecond time scale, which re- 
sults in the alleviation of the radial ejection problem 
that plagues “on-resonance” FTICR-CAD. Lee et al. 
[24] developed a multiple excitation collisional activa- 
tion approach in which ions are translationally excited 
to larger radii by application of a radiofrequency pulse 
that encompasses the specified mass range. Collisional 
cooling of ions facilitates their collapse to the center of 
the cell, which is followed by repetition of the multiple 
excitation pulse. This process is repeated for as many 
cycles as necessary to achieve ion fragmentation. 
Sustained Of-Resonance Irradiation 
Jacobson and co-workers [14] reported a method that 
involves sustained “off-resonance” irradiation GORI) 
for sampling the lowest energy dissociation pathway. 
In this technique, ion excitation is achieved by applica- 
tion of an “off-resonance” electric field pulse, where 
the frequency is set some 500-2000 Hz away from the 
observed cyclotron frequency of the ion. The maxi- 
mum translational energy (in the absence of collisions) 
of the ion is then described as 
E tr(max, = {fE,~lzc2/(2mtw, - ~,)~)}sin~(w, ~ w,)t/2 
(1) 
where w1 (radians per second) is the excitation fre- 
quency, wc (radians per second) is the natural cy- 
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clotron frequency of the ion, EtNmaxj is the laboratory 
frame translational energy of the ion, E,, (volts per 
meter) is the electric field amplitude, t is the duration 
of the electric field pulse (typically 500-2000 ms), and 
e is the elemental .electric charge. Consequently, by 
employing a long duration, “off-resonance” electric 
field pulse and an appropriate Ao (Aw = o, ~ w,), 
ions experience a series of acceleration-deceleration 
cycles thro ughout the duration of the electric field 
pulse. Thus, in the presence of a gas, ions can be 
slowly collisionally activated by sequential low energy 
collisions; generally with small dispersal from their 
initial location in the trap. The number of accelera- 
tion-deceleration cycles is given by 
n = t(fi -fc> (2) 
where fi and f, are the frequencies (Hertz) of the 
applied electric field and the observed cyclotron frc- 
quency, respectively. High mass ions can be irradiated 
for long periods of time and undergo many collisions 
without being ejected from the cell. The average en- 
ergy of the collisions is easily controlled by varying 
either the irradiation amplitude ( E,,) or the frequency 
difference between the effective cyclotron frequency 
and the irradiation frequency (A w). A pulse of N, was 
admitted to the cell region as a target gas coinciding 
with the SORI event. Peak pressures were typically 
lo-’ torr. 
A minor limitation of the SORI technique is the 
unintentional ejection of product ions, which may fall 
in close proximity to the irradiation frequency. The 
width of these “blind spots” varies with the irradia- 
tion duration and intensity. In a 7-T field, irradiating at 
8.5 V for 0.5 s results in blind spots that are about 2 
kHz wide. The mass-to-charge width of the blind spot 
is reduced at higher cyclotron frequencies (i.e., lower 
mass-to-charge ratio or higher magnetic field strength). 
For example, in a 7-T field a 2-kHz blind spot at m/z 
1000 corresponds to 18.6 m/z units, whereas the same 
Z-kHz blind spot at m/z 500 corresponds to only 4.6 
m/z units. At 12-T, 2 kHz blind spots at m/z 1000 and 
500 correspond to mass-to-charge ratio windows of 
only 10.9 and 2.8, respectively. In cases where a prod- 
uct ion lands in a blind spot, the irradiation frequency 
can be moved to the other side of the parent jon 
(i.e., - 1 x A w) thus effectively moving the blind spot. 
Thus, it is often desirable to perform two dissociation 
studies-one at + Aw and one at -A o-to insure that 
no unique product ions are overlooked. Additionally, 
the width of the blind spot can be significantly re- 
duced by applying an attenuated Err; by reducing A o 
and adjusting the irradiation time the same amount of 
energy can be imparted to the parent ion. Figure la 
demonstrates the SORI dissociation of the cyclic de- 
capeptide gramicidin S in which a single activation 
frequency was applied 1000 Hz off-resonance relative 
to the [M + HI+ observed at m/z 1142. The resulting 
fragmentation is typical of SORI activation of proteins 
and peptides: low energy dissociation products are 
favored, which results in mostly Y- and B-type frag- 
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Figure 1. (a) Representative spectrum for sustained off- 
~escmance irradiation @ORI) for collision-activated issociation 
of singly protonated gramicidin S (m/z 1141) with 1 x 10-%rr 
N, as target and 500-ms, 8.5-V electric field pulse, lOOIl Hz above 
(m/z 1129.09) the natural cyclotron frequency nf the singly 
charged parent ion. (b) Multiple frequency SORl of the [M + 
14H]14+ ion (m/t 1211) of equine apomyoglobinwith irradiation 
pulses at m/z 945.37 and 1225.42. Target gas peak pressure, 
pulse amplitude, and duration are same as in (a). The average 
remlution of 50,000 (full width at half maximum) is more than 
adequate to resolve the l-u spacing of the isotopic peaks and 
provide unambiguous charge state determination. 
ments. Nomenclature used for oligopeptide dissocia- 
tion products is based on conventional notation [25] 
modified to indicate charge state [26]. 
Multiple Frequency Sustained Off-Resonance 
Irradiation 
This approach takes advantage of the superposition 
principle, which states that two or more waves can 
traverse space independently of one another. In the 
case of SORI activation, multiple activation frequencies 
can be applied at different frequencies and will act 
independently of each other. In many applications, 
independent multiple sustained off-resonance irradia- 
tion can have distinct advantages over conventional 
J Am Sac Mass Spectrum 1994,5, 894-899 CAPILLARY ELECTROPHORESIS FT-ICR-MS 897 
SORI activation. For example, two activation frequen- 
cies can be applied in concert, dissociating the parent 
ion and a selected daughter ion as it is formed, thus 
providing significantly enhanced sequence informa- 
tion. When a distribution of charge states is present, as 
is common with electrospray ionization, it may be 
advantageous to irradiate several charge states simul- 
taneously (and at different k Aw) to generate in- 
creased fragmentation. As demonstrated below, a pep- 
tide-protein mixture can be separated on-line and 
subjected to a customized SORI waveform that con- 
tains at least one activation frequency for each compo- 
nent, Figure Ib demonstrates the SORI dissociation of 
the [M + 14H ’ ]14+ charge state of equine apomyo- 
globin irradiated at both m/z 1225.42 (- 1000 Hz off- 
resonance relative to the [M + 14H+]i4+ charge state 
of equine apomyoglobin) and m/t 945.37 (- 1000 Hz 
off-resonance relative to the [M + 3H+]“+ charge state 
of bee venom melittin). The average resolution of the 
resulting fragment ions is = 50,000 full width at half 
maximum, which is more than adequate to resolve the 
l-u spacing of the i3C isotope peaks and provide 
unambiguous charge state determination. No apprecia- 
ble change in the dissociation of the [M + 14H+]‘*+ 
charge state is observed in the presence of additional 
irradiation frequencies provided that the additional 
frequencies are adequately separated. 
The limitations of SORI activation can be magnified 
in multiple frequency SORI activation because each 
independent frequency that comprises the waveform 
creates a new “blind spot” in the resulting mass spec- 
trum. An additional logistical concern of the multiple 
frequency approach is that when a relatively large 
number of irradiation frequencies are combined, the 
initial phase relationship can result in a large initial 
“beat” in the waveform that is due to constructive 
interference of the frequencies; in some cases, impulse 
excitation and subsequent ion loss result. Although 
phase scrambling or randomization will alleviate this 
problem, the application of a simple apodization win- 
dowing function to the waveform prevents any unnec- 
essary impulse excitation. A simple three frequency 
SORI waveform is shown in Figure 2 as is the corre- 
sponding frequency (mass-to-charge ratio) domain 
spectrum. The time domain spectrum has been 
apodized to minimize boundary effects. Because of the 
irradiation bandwidths and memory limitations of the 
arbitrary function generator, the waveform was lim- 
ited to 82 ms. Because SORI and multiple frequency 
SORl are best carried out over longer time scales 
(typically 500 to 2000 ms>, the waveform in Figure 1 
was repeated for 500 ms during activation. 
Multiple Frequency SORI in Conjunction with 
On-Line Separations 
Figure 3 illustrates the potential of multiple frequency 
SORI for acquiring partial (or potentially complete) 
sequence information from individual components of a 
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Figure 2. (a) Time domain multi& freauencv SORI waveform 
co&sting of three frequencies thit corrdspon~ to m /z 945.37, 
1147.0, and 1225.42. (b) Mass domain spectrum of (a) obtained by 
Fourier transformation of the time-domain waveform. 
complex mixture. The mixture was first analyzed with- 
out SORI dissociation to determine the mass-to-charge 
ratio of the molecular ions for each component. Figure 
3a depicts the resulting total ion electropherogram 
(TIE). A SORI waveform was generated that contained 
one activation frequency for each of the three major 
components of the mixture (each irradiation frequency 
was +lOOO Hz off-resonance relative to the selected 
molecular ion). The addition of the multiple frequency 
SOIU activation pulse sequence required only slight 
modification to the standard CE-FTICR pulse sequence 
because the waveform was applied during the high 
pressure ion accumulation event. The duration of this 
injection-dissociation event was increased from 50 to 
500 ms to allow sufficient activation. 
As shown in Figure 3b, the application of the multi- 
ple frequency SORI waveform induces extensive frag- 
mentation of the parent ion and yields a significant 
amount of sequence information. The blind spot phe- 
nomenon is clearly demonstrated by the absence of the 
Y,$’ fragment ion (m/z = 947.71, which lands in close 
proximity to one of the irradiation frequencies (m/z = 
945.37). Moving the irradiation frequency and con- 
comitant blind spot to - 1000 Hz (m/z = 957.98) al- 
lows observation of the Y&+ fragment and precludes 
observation of the B& fragment. In most cases, multi- 
ple charge states of the molecular ion are present; thus 
no molecular weight information is sacrificed. This 
on-line sequencing approach is similar to that pre- 
sented by Ramsey et al. [27] in which random noise 
was applied to the endcaps of a quadrupole ion trap 
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Figure 3. (a) Total ion electropherogram for separation of a 
mixture that contains gramicidin S, melittin, and equine apomye 
globin labeled G, M, and Mb, respectively (see text for CE 
parameters). The analyte peak appearing at - 6.5 min corre- 
sponds to a melittin variant M “, _ (b) Multiple frequency SORI 
dissociation products from component 3, bee venom melittin 
(2845 MW), that yield partial sequence information ( = 50%) with 
a single dissociation event. The average resolution of 50,000 Qull 
width at half maximum) is more than adequate to resolve the l-u 
spacing of the isotopic peaks and provide unambiguous charge 
state determination. 
amino acids (e.g., Gly for Ala). The nearly identical 
electrophoretic mobilities of the peptides makes effi- 
cient highly resolved separation problematic. Com- 
plete or partial sequence information still can be ac- 
quired by performing replicate experiments in which 
the low mass-to-charge ratio species is irradiated at 
+Aw (lower mass-to-charge ratio) followed by the 
irradiation of the high mass-to-charge ratio species at 
- A w (higher mass-to-charge ratio), 
Although one multiple frequency S0IU dissociation 
event most likely will not yield complete sequence 
information for larger peptides, the ability to perform 
nondestructive ion remeasurement and MS/MS” can 
lead to enhanced sequence information. Although ac- 
quisition of complete sequence information is pre- 
ferred, determination of the sequence of a contiguous 
run of 5 to 10 amino acids is often adequate to recog- 
nize a unique DNA motif in the genome of a living 
organism [30]. Thus, specific sequence information 
could be used to design amplification primers (i.e., DNA 
probes) for the polymerase chain reaction 1311. Conse- 
quently, this allows the characterization of mutations, 
polymorphisms, and evolutionary changes in the DNA 
sequence [32]. In addition, direct sequencing can be 
carried out by application of the triple primer method, 
where the first two flanking primers amplify the DNA 
segment enzymatically and then the third primer 
(labeled with 32P) is used to sequence the amplified 
DNA fragment directly [32b]. We are presently investi- 
gating the feasibility of computer-mediated multiple 
frequency SORI dissociation of chromatographic and 
electrophoretic effluents in which dissociation frequen- 
cies are chosen in real time relative to the separation. 
This enhanced functionality, applied in conjunction 
with stored waveform inverse Fourier transform isola- 
tion of fragment ions, should provide a viable method 
for performing MS/MS” on very small amounts of 
sample from a complex mixture without sacrificing 
mass spectrometric or chromatographic performance. 
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